A simple, reliable and potentially cost-effective composite film casting procedure is presented using the evaporation of solvent (water) from a dilute mixture of multiwalled carbon nanotubes (MWCNTs) and polyethylene oxide (PEO) polymer. It is found that the fabrication method develops excellent dispersion of MWCNTs in PEO confirmed by morphology observations, final crystallinity of polymer (amorphous) and a lower percolation threshold (closer to theoretical value) as well as higher electrical conductivity. A film thickness prediction model is derived based upon the fact that final film thickness is mainly dependent upon the dimensions of the casting mold and the loading of the MWCNTs and polymer. This simple model provides important insight that the material loss and the actual density of the base polymer are critical factors making the current casting method truly cost effective and controlling final thickness.
Introduction
Carbon nanotube (CNT) filled polymer composites have great potential for many applications such as strain sensors [1, 2] , actuators [3] , transparent electrically conductive thin films [4] [5] [6] , CNT-reinforced structural composites [7] [8] [9] [10] [11] [12] , pH sensors [13] and nanoporous membrane filters [14, 15] . Most CNT-polymer composites have been produced in film form using various fabrication methods developed by previous researchers as summarized in table 1 [1, 2, 4, 5, 7, 8, 13, 16, 6, 14, 15, [17] [18] [19] [20] [21] , except for some of 6 Present address: Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI 48109, USA.
the CNT-polymer composites in structural applications which are manufactured via conventional composite manufacturing processes [10, 12, [22] [23] [24] . In our opinion, the pros and cons of each fabrication method will be mainly divided based upon the adequacy, capability and cost of the fabricated composite film for the desired applications. For example, some fabrication methods are found to be promising and suitable for structural application but may not be adequate for the fabrication of randomly oriented CNT composite films. Most of all, it should be noted that, despite its enormous potential, the lack of reliable, simple and cost-effective fabrication methods of CNT-polymer composite film still remains a main barrier to real world applications and commercialization. Also, overall [4, 5] In situ polymerization Functionalized MWCNTs incorporated with polymer
MWCNT-polymer composite film
Functionalized CNT used for better dispersion of CNTs [7, 8] LbL (layer by layer) Dipping a charged substrate into oppositely charged SWCNT and polymer mixture CNT-polymer composite film Precise control of thickness possible (e.g. one monolayer at a time) [13] Spin material properties of CNT-polymer composites are not yet satisfactorily enhanced compared to the exceptional material properties of individual carbon nanotubes [25] [26] [27] [28] [29] . One of the key factors in the CNT-polymer fabrication process is the capability of producing final composite films having randomly oriented individual CNTs inside the polymer matrix, except that it requires the alignment of individual CNTs [6, 11] . However, this is not an easy task due to many challenging issues, e.g. strong aggregation preference of CNTs and varying degrees of crystallinity of the polymer matrix, which depends on the process temperatures, time and rate and the presence of other particles (e.g. MWCNTs) [30] . Note that most research efforts have been focused on the process development for better dispersion of CNTs within the polymer matrix. The overarching aim of this research is to develop a simple, reliable, and cost-effective evaporation casting procedure to fabricate MWCNT-PEO composite films having microstructures of well dispersed MWCNTs within the polymer, which is the basis for the enhanced material properties including electrical and mechanical properties. The sublevel objectives are as follows:
(1) determine the key evaporation casting parameters (2) characterize the films using field-emission scanning electron microscopy (FE-SEM), small angle x-ray scattering (SAXS), and direct current (DC) two-point electrical resistance measurement (3) measure the percolation threshold experimentally and compare it to the theoretically predicted value (4) develop a film thickness prediction model.
The fabrication method presented herein is based on the evaporation of solvent from a dilute polymer solution above the melting temperature of PEO, as attempted by Chatterjee et al [21] . The advantage of a dilute polymer solution is that it can separate and isolate polymer chains from each other completely [31] . The resulting CNT filled polymer film may have various inner and outer (surface) morphologies and properties depending on the type of CNT, functionalization, choice of polymer matrix and process parameters. In addition to these features, one of the main reasons for selecting the evaporation process is that it is relatively simple and cost effective. Note that the current evaporation method does not require specific types of CNT (e.g. MWCNT versus SWCNT), additional purification, functionalization, vertically aligned CNT film, transportation of the produced film and/or specialized automated systems (or equipment), except for minimal equipment and facilities, namely an ultrasonicator and a low temperature oven. Throughout this paper, we report and discuss the current evaporation casting procedure and the characteristics of the MWCNT-PEO composite films fabricated by this method.
Methods

Evaporation casting procedure
Throughout this research raw materials are used without any further treatments. The water-soluble, synthetic thermoplastic polymer, particle type PEO (molecular formula of monomer: -HO-[CH 2 -CH 2 -O] n -H-) [32] [33] [34] , purchased from Sigma-Aldrich, is used as the matrix material. PVA (molecular formula of monomer: -[CH 2 CH 2 O]-) [32, 33] is also a water-soluble, synthetic thermoplastic polymer and is used as the control for morphology comparison with that of PEO under the same casting process (see section 4.1). The physical properties of PEO and PVA are summarized in table 2 [35] 7 . Commercially available MWCNTs (Nano Lab) are used as conductive filler inside the PEO. The specifications of the MWCNTs are: length 1-5 μm, diameter 15 ± 5 nm, purity 95%, and bulk density 1.8 g cm −3 [36, 37] . SDS (molecular formula: C 12 H 25 NaO 4 S), purchased from Bioworld, is used as a surfactant [38] . It is in particle form and has a bulk density of 0.32 g cm −3 [39]. In the first step, the SDS solution (1 wt%) is prepared. MWCNTs are then added to the surfactant (or SDS) solution and ultrasonication (frequency 20 kHz, amplitude 15 μm) is conducted using an ultrasonicator (Misonix Sonicator ® 3000) for 10 min. In a separate container, the PEO is completely dissolved in de-ionized (DI) water. MWCNTs dispersed in the SDS solution and the PEO solution are mixed together. This solution mixture is subjected to ultrasonication for 30 min, and poured into a casting frame. The casting frame is built 7 Data from Sigma-Aldrich Technical Service. using flat glass plates and silicone sealant with dimensions 90 mm × 70 mm × 70 mm (L × W × H ). A key aspect of this approach is that mixing is done with a dilute, low viscosity solution, to get good dispersion. The casting frame with the solution mixture is placed inside an oven (Lunaire Environment, model CE205) operating at 85
• C during water evaporation. The rate of water evaporation is increased by blowing out the oven ambient air constantly through the oven exhaust. Also, to prevent the bending of the composite film due to residual stress, a partial lid is placed on top of the casting frame. After the water is evaporated out completely, leaving a MWCNT-PEO film at the bottom, the casting frame is taken out from the oven and cooled down under room temperature ambient conditions. On the bottom surface of the casting frame, a release agent had been sprayed before casting to allow for easy peel-off of the composite film. Overall, we maintain the process temperature of 85
• C from the beginning to the end of the evaporation of water, which is relatively easy to maintain due to the low melting temperature of PEO.
Characterization of MWCNT-PEO composite films
FE-SEM.
Outer (surface) and inner (cross-sectional) morphologies of cast MWCNT-PEO composite film are observed using an FE-SEM (FEI NOVA nanoSEM). To reveal the inner morphology, MWCNT-PEO composite samples are freeze-fractured after dipping them into liquid N 2 for 5 min.
SAXS.
Ex situ SAXS analysis of MWCNT-PEO composite film and pure PEO film using the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory, Cornell High Energy Synchrotron Source (CHESS) at Cornell University, and NanoStar (x-ray source: Cu Kα) at the XRay Microanalysis Laboratory (XMAL) at the University of Michigan is performed to evaluate the crystallinity of PEO, the alignment of MWCNTs in the PEO matrix, and the as-grown MWCNT film. The details of the SAXS experimental setup from CHESS are described in [40] .
DC two-point electrical resistance measurements. DC twopoint electrical resistance measurements of MWCNT-PEO composite films are conducted using a precision multimeter (Keithley 2000) to measure electrical conductivity and to experimentally determine the electrical percolation threshold. Composite film strips with different loadings of MWCNTS in weight fraction (wt%) are prepared as shown in figure 1(a) ; these strips shown in figure 1(a) are lower wt% ones. The dimensions of the strips are 50 mm × 4.0 mm × 1.4 mm (L × W × T ). The DC two-point electrical resistance measurement setup is schematically depicted in figure 1(b) . Although the two-point measurement method includes the resistance of lead wires and contacts, it is known that this added resistance can be neglected when the measured resistance is greater than a few Ohms [41] . To make a secure contact with the lead wires to the cross-section of the sample, each lead wire was heated (50 • C) and, then, gently pressed onto the sample surface until it embedded into the cross-sectional area. In general, the four-point probe method is a more suitable measurement scheme than the two-point probe method to characterize the thin films because the length of a thin film is much larger than the thickness. However, in the current research, the thickness of the composite strip (1.4 mm) is large enough to result in secured cross-sectional electrical contact, and thus the twopoint measurement setup is adopted. The four-point electrical measurement setup is also going to be developed for better accuracy.
Film thickness prediction model
The simple relationship between the thickness of the MWCNT-polymer composite films and the manufacturing parameters is derived based upon the fact that final film thickness is mainly dependent upon the dimensions of the casting frame and the loading of the MWCNTs and polymer.
Results
Morphology of fabricated MWCNT-PEO film
Fabricated free standing MWCNT-PEO composite films produced by the evaporation casting method are shown in figure 2 . The composite film, fabricated with the casting frame lid in place, was free of residual stress, showing no warping (figure 2(a)) while the film without the lid shows a curved shape due to residual stress from nonuniform drying (see figure 2(b) ). Typical morphologies of the MWCNT-PEO composite films are shown in figures 3 (outer morphology) and 4 (inner morphology). The thickness of the fabricated composite film is uniform and the MWCNTs are well dispersed inside the PEO matrix. Also, the cross-sectional morphology (figure 4(b)) shows no distinctive sign of MWCNT aggregation.
It is shown from the previous research [30, 34, 42, 43] that the morphology is closely related to the crystal nucleation and growth within the polymer in the presence of MWCNTs. For example, for semicrystalline polymers such as PEO [30, 43] , there is phase separation between crystalline and amorphous regions, and MWCNTs were found to be confined in the amorphous region [43] (one of the main causes of MWCNT aggregation). Thus phase separation might have negative effects on the dispersion of MWCNTs inside the matrix. Since FE-SEM observations alone are not enough to evaluate crystallinity, additional characterization techniques were used (see following sections).
Ex situ SAXS results of MWCNT-PEO composite films
Ex situ SAXS is mainly conducted to determine the crystallinity of PEO [40, 44] and the alignment of MWCNTs in the PEO matrix [45, 46] . The 2D SAXS images of pure PEO film and MWCNT-PEO composite film, having 1.44 vol% of MWCNT, are shown in figures 5(a) and (b) respectively. Only the pure PEO specimen ( figure 5(a) ) shows a signature of crystalline (lamellar) structure (diffraction ring) while the PEO/MWCNT composite specimens do not ( figure 5(b) ). The scattering intensity, I (q), is plotted in figure 6 (a) (pure PEO) and 6(b) (MWCNT-PEO composite film) as a function of scattering vector q, which is given by equation (1) as
where λ is the wavelength of the x-ray (0.1371 nm) and θ is half of the diffraction angle of the peak. The pure PEO curve shows a local maximum (see the arrow in figure 6 (a)) at q = 0.24 nm −1 . The length of periodicity, d, is calculated to be 26.2 nm using equation (2) [47, 48] The d value is similar to the ones reported by other researchers [44, 49, 50] . Note that pure PEO is a semicrystalline polymer and the length of periodicity, d, varies depending on the amount of amorphous phase [44] .
For the PEO-MWCNT composite specimen, the local maximum observed in the pure PEO film disappeared ( figure 6(b) ), which indicates that the lamellar structure of PEO was not formed. Also from the SAXS pattern ( figure 5(b) ) it is confirmed that there is no indication of the alignment of MWCNTs (i.e. the butterfly,'∞', shape in figure 7(a) ) found in the typical SAXS pattern of vertically aligned MWCNTs grown on a Si substrate by atmospheric pressure thermal chemical vapor deposition (CVD) ( figure 7(b) ) (for details see [51] ) and vertically aligned MWCNT film-VRM 34 composite film fabricated by mechanical densification and polymer wetting in figure 8 (for details see [46] ). These results show that the current fabrication method can produce an amorphous PEO matrix and this can be the basis of achieving a good dispersion of MWCNTs [52] .
Percolation threshold of MWCNT-PEO composite film
The electrical percolation threshold can be identified as a certain volume fraction of conductive filler inducing a dramatic jump of electrical conductivity of the composite [53] [54] [55] [56] [57] [58] [59] [60] [61] . This sudden increase of electrical conductivity is the main characteristic of the composite material reaching the percolation threshold ( c ). The measured electrical conductivity as a function of the volume fraction of MWCNTs is plotted in figure 9 ; the weight fraction was converted into the volume fraction using the densities of MWCNTs and PEO. The electrical conductivity measurements at each volume fraction were made two or three times to check the reproducibility of electrical resistance values. However, the number of measurements was not enough to show error bars (statistically not meaningful) and thus we did not include them. The percolation threshold is observed to be between 0.14 and 0.28 vol% (0.5 and 1.0 wt%) of MWCNTs as indicated by the solid line in figure 9 .
The most commonly adopted model to predict the percolation threshold is based upon the excluded volume concept [62, 63] and it has been successfully applied to explain the percolation threshold change of various microscale objects-polymer composites [64, 65] . In the 3D case 
where V cyl is the volume of a capped hemispherical cylinder and V e cyl is the average excluded volume of a capped hemispherical cylinder. The experimentally determined percolation threshold range is found to be close to the model prediction (table 3) when the length 5 μm and diameter 10 nm are chosen for the MWCNT cylinder per specification of the MWCNT used, despite the fact that the MWCNTs are not straight but in general exhibit curved geometry. This result supports the view that the MWCNTs in the PEO matrix are randomly oriented.
Thickness prediction model for MWCNT-polymer composite film
In modeling of film thickness prediction, it is assumed that a non-porous MWCNT-polymer composite film is formed. In general, thermoplastic polymer polymerized from a molten state contains voids similar to cured thermoset polymer, depending on the various parameters such as temperature, time and rate. Thus no void assumption is ideal; this non-porous assumption is often adopted to calculate the volume fraction of constituent elements in fiber-reinforced composites.
The casting mold is depicted in figure 10 . The total volume, V mp , of the MWCNT-polymer composite film is calculated from the geometry of the casting mold and the film thickness as V mp = abh (4) where a is the length of the casting mold, b is the width of the casting mold and h is the thickness of the film. The total volume, V tot , of the MWCNT-polymer composite film also can be calculated as
where m c and ρ c are the mass and density of the MWCNTs, m p and ρ p are the mass and density of the polymer, and m s and ρ s are the mass and density of the SDS. By setting equations (4) and (5) equal to each other, the thickness of the MWCNT-polymer composite can be calculated as
Ideally the final film thickness can be predicted using equation (6) ; however, it was found that the values predicted by equation (6) are much higher than those of the actual measured film thicknesses due to material loss during processing (e.g. mixture solution left on the mixing beakers and vertical walls of mold). Thus equation (6) can be modified as
where m cl , m pl , and m sl are the loss of the MWCNT, the polymer, and the SDS, respectively. The total loss, m totl , of raw material can be obtained by subtracting the final mass of the film from the total mass of the input materials. Then we assume that the major loss is only from the polymer (m totl ≈ m pl ) due to the relatively small amount of MWCNT content. Equation (7) can then be written as
The ). Also note that the true density of PEO for the current research (provided by the vendor) is 1.13 g cm −3 . However, the best prediction was obtained when the experimentally measured density of the pure PEO film (0.5 g cm −3 ) fabricated by the current method was used, because the final film is highly dependent upon the process itself. The amounts of materials used are summarized in table 4. Model predicted values of film thickness for MWCNT-PEO composite using equation (8) and measured average film thickness are summarized in table 5. The model prediction is a little higher than the actual film thickness, but it is reasonably close (less than 10%).
Discussion
Key process parameters for improved dispersion of MWCNTs in PEO polymer
It is well known that hotter water can dissolve PEO faster and more effectively than warm water. However, to avoid the precipitation of PEO above 93 ± 3 • C [33] , the processing temperature was restricted to be under this value. PEO with low molecular weight of less than 3400 is less hydrophilic compared to higher molecular weight PEO [42] and also tends to aggregate easily and sink faster due to a lack of viscosity. Thus higher molecular weight PEO (10 × 10 5 ) is chosen as the matrix to make a stable and uniform CNT polymer solution.
It is shown that SDS encapsulated CNTs can be stable for approximately three months at room temperature [42] and stable for approximately 24 h at 70
• C [68] . Therefore, shorter process time is critical for high temperature evaporation to avoid non-uniform volume fraction through the film thickness.
Considering the relatively short fabrication time used in our approach (less than 6 h depending on experimental conditions) it can be assumed that the mixture of PEO and SDS encapsulated MWCNTs in 85
• C water remains stable during the evaporation process.
To quantify the effect of evaporation temperature on the final inner morphology of composite films (MWCNT-PEO versus MWCNT-PVA), simple electrical resistivity measurements of these two samples was conducted and are summarized in table 6. The MWCNT-PVA composite film shows much higher electrical resistivity than the MWCNT-PEO composite film, which indicates that process temperature above the melting temperature of PEO is beneficial for the dispersion of MWCNTs, as measured by the lower resistivity. Note that MWCNT-PVA composite film was fabricated using the same casting process and then freezefractured to observe the inner morphology.
The outer and inner morphologies are shown in figures 11(a) and (b) respectively. The current processing temperature is within the crystallization temperature range of PVA but above the melting temperature (T m ) of PEO (see table 2 ). The severe aggregation of MWCNTs is observed in the MWCNT-PVA composite ( figure 11(b) ) but not observed in the MWCNT-PEO composite ( figure 4(b) ).
Outer and inner morphologies of composite films
A comparison of morphologies of composite films between the current research and previous reports using evaporation procedures is given in table 7 [20, 21, 69, 70] . Direct observations of outer (surface) and inner (cross-sectional) morphology of fabricated MWCNT-PEO samples using FE-SEM is one of the important characterization procedures to verify that the current fabrication procedure is capable of producing a composite film having well dispersed MWCNTs inside the PEO matrix. Overall, reported outer (surface) morphologies indicate that MWCNTs are well dispersed. However inner (cross-sectional) morphologies are not included in the previous reports, and thus meaningful evaluation of process temperature versus final morphologies cannot be generated. • WAXS: crystallinity is 85% for pure PEO and 60% for 0.2 wt% of SWCNT • DSC: crystallinity is 95% for pure PEO and 70% for 0.2 wt% of SWCNT 4
• DSC • DSC: degree of crystallinity of pure PEO is 50.1% [69] • Polarized light microscopy • DSC: degree of crystallinity of sample with 5 wt% of MWCNT is 46.26%
• Polarized light microscopy: spherulite density decreases and texture disrupted as the amount of MWCNT increases by more than 2 wt% 5
• DSC • Considerable decrease in the rate of crystallization without much effect from addition of MWCNTs on the overall crystallinity [70] a Wide angle x-ray scattering (WAXS). b Differential scanning calorimetry (DSC).
Crystallinity of MWCNT-PEO composites
The analysis of the crystallinity of CNT-PEO composite films from the previous reports using evaporation procedures is summarized in 
Percolation threshold
The percolation threshold of the MWCNT-PEO composite films fabricated by the current process is compared with other CNT-PEO composite films fabricated by evaporation methods (see table 9 [20, 21, 69, 70] ). The numbers in the first column of table 9 correspond to those in tables 7 and 8. Considering the type and dimension of CNTs used in each case, the percolation threshold values of the current research are within a reasonable range, with SWCNT-PEO having the lowest value. Note that conductivity of the composite film near the percolation threshold of the current method is ∼10 −3 S cm −1 , the highest among reported values. This can be a beneficial feature for, e.g., macroscale strain sensor applications because of the relative ease of detecting conductivity change near the percolation threshold induced by strain [71] .
Insight from the thickness prediction model
A simple calculation using the thickness prediction model derived in section 3.4 shows that the present evaporation method is capable of producing consistent predictable film thickness. The model provides insight into how material loss and knowledge of the final pure PEO film density are important for predicting the final film thickness. For the current method to be truly cost effective, the material loss during processing should be as low as possible. The limitations of this model are: the no void assumption, loss of SDS and MWCNTs and the effect of the residual SDS are neglected, and two important parameters, material loss, m totl , and density of pure PEO film, ρ film , are heavily dependent upon processing. Thus it may not be practical to use this model but it is presented here for processing and thickness control insight.
Conclusions
In the present research, we have developed an MWCNT-PEO composite film fabrication process based upon an evaporation casting method. In this process, evaporation of the solvent (water) is performed above the melting temperature of the polymer (PEO) until a solid MWCNT-PEO film is formed. Higher molecular weight, shorter evaporation time, and evaporation above the melting temperature of polymer are found to be critical to produce well dispersed MWCNTs in PEO polymer. The results reported herein show that the current fabrication method starting with dilute solution can achieve excellent dispersion of MWCNTs in the final composite film, which is necessary to develop enhanced material properties including electrical and mechanical properties. However, the detailed mechanism of film formation is not yet clearly understood. It still needs systematic interrogation considering factors such as the crystallization of PEO (including crystallization temperature and rate), the interaction between MWCNTs and PEO, and the residual SDS during the high temperature film forming process. As for future work, the generalization of the current method should be further investigated to provide answers to the naturally arising questions such as 'does this method apply to the polymer systems with higher melting temperatures?'; this is also important from a commercialization point of view.
